Ion-abrasion scanning electron microscopy (IASEM) takes advantage of focused ion beams to abrade thin sections from the surface of bulk specimens, coupled with SEM to image the surface of each section, enabling 3D reconstructions of subcellular architecture at ~ 30 nm resolution. Here, we report the first application of IASEM for imaging a biomineralizing organism, the marine diatom Thalassiosira pseudonana. Diatoms have highly patterned silica-based cell wall structures that are unique models for the study and application of directed nanomaterials synthesis by biological systems. Our study provides new insights into the architecture and assembly principles of both the "hard" (siliceous) and "soft" (organic) components of the cell. From 3D reconstructions of developmentally synchronized diatoms captured at different stages, we show that both micro-and nanoscale siliceous structures can be visualized at specific stages in their formation. We show that not only are structures visualized in a whole-cell context, but demonstrate that fragile, early-stage structures are visible, and that this can be combined with elemental mapping in the exposed slice. We demonstrate that the 3D architectures of silica structures, and the cellular components that mediate their creation and positioning can be visualized simultaneously, providing new opportunities to study and manipulate mineral nanostructures in a genetically tractable system. 3
including delineation of the valve plane, girdle band plane, and oblique plane, as diagramed in Fig. 1a. Figure 2a and b show surface features of T. pseudonana cell wall silica. The valve in T. pseudonana consists of a ridged outer surface, with ridges radiating from the center, but also having cross-connections (Fig. 2b) . Not visible between the ridges in these images are large numbers of 20 nm diameter circular pores . Larger pores are found in projecting tube-like structures called rimoportula that are positioned around the valve rim ( Fig. 2a and b) . Commonly there is also a single portula (called the fultoportula) present slightly offset from the valve center. The portulae have a complicated chamber structure inferred from SEM and TEM observations (Herth 1979a; Hildebrand et al., 2006) . The portulae are sites of extrusion of long, linear polymer strands of chitin, and the chitin-synthesizing machinery is positioned precisely adjacent to the portula on the inside of the cell (Herth W., 1979a and b) . A series of overlapping siliceous girdle bands form the sides of the cell, and provide the overlap between the two thecae ( Fig. 2a) .
The ability of ion-abrasion SEM to image cellular features
Figures 2c and d show cross-sectional views from the girdle band plane (2c) and at an angle from the valve plane (2d). Visible in both sections is the electron-bright silica surrounding the cell, and less bright but still visible organic material within the cell, highlighting organellar membranes and intracellular compartments. In Fig. 2d the plastid thylakoid membranes are readily visible. These images demonstrate the ability of ionabrasion SEM to image both hard (mineral) and soft (organic) material at high resolution simultaneously in the same cell. Processing of a series of sections derived from the ionabrasion SEM approach enables reconstruction of structure in 3D. This is demonstrated in Fig. 2e and f, where a standard SEM image of the inner valve surface (Fig. 2e ) is compared with a 3D reconstruction generated from a series of sections through a similar object (Fig. 2f) . In addition to the comparable resolution of standard SEM, the 3D image can be rotated to enable examination from a variety of angles. One caveat is that at certain angles the sectioning is emphasized (due to a finite amount of material being removed during sectioning), but, at other angles or with small section depth, this is minimized.
Elemental map analysis of sections of T. pseudonana
Figures 3a, b, and c show the P, O, and Si elemental maps of an ion milled crosssectional view of T. pseudonana and Figure 3d is the overlay of the elemental maps and the SEM image of the same region. In the SEM image, both the siliceous components and the lipid containing bodies exhibit somewhat similar contrast. On the other hand, the atomic mass (Z) contrast is much enhanced in the elemental map and can clearly distinguish the high Si concentration regions from the phosphorous rich regions.
Imaging of valves in intact cells
A major goal of this investigation was to identify cell wall structural intermediates in the context of the entire cell. Fig. 4 shows a series of sections oblique to the valve planes through a cell where the two daughter cell valves have been completed, but the daughter cells have not yet separated. Visualization of the 3D spatial arrangement of nascent valves within an intact cell is achieved. These images highlight the spatial separation between the two valves, the arrangement of ribs and nanopores, and the ability to cross-section structures such as portulae without distorting structural features. Also evident is the relative positioning of features on adjacent daughter cell valves, for example it is apparent that the rimoportulae are alternately positioned in the adjacent valves in these cells.
A cell at an extremely early stage of valve formation was imaged in In Fig. 5 , ribs of silica in the base layer of the valve were highly flexible at the initial stage of deposition, and in some cases were folded over on themselves. Closer examination of individual sections (average 20 nm in depth) through the same cell revealed additional features (Fig. 6) . At section 34 the overlap between the epi-and hypo-theca is visible (Fig. 6) . By section 40, an additional silica structure was visible in the position where the new valve will form, and at the ends the structure was apparently fused with the hypotheca girdle band (Fig. 6) . Based on previous analysis, only valves and not girdle bands should be forming at this stage in the cell cycle . At section 44 (approximately 80 nm from section 40), additional structures and features were visible, including another layer fused to the hypotheca girdle band, and a discontinuity in the original additional structure. In section 63, valve ribs from the side view were visible, and in section 68, the spaces between the ribs were observed to be filling in. These data indicated that at least a portion of the newly forming valve is aligned with the long axis of the cell, and not in the valve plane. Circular structures that appear to be forming rimoportulae were also visible (Fig. 6, section 75) .
Cross-sectional structure of valves
In Fig. 7a we imaged a cell at an oblique angle from girdle band plane view with a transverse dark opening (white arrowhead) in the location of valve synthesis. Because of its location, and the presence of silica in subsequent sections (Fig. 7b) , we interpreted this as the SDV. A microfilamentous structure with the thickness of actin was seen on one edge of the dark opening (Fig. 7a , dark arrow). The opening was visible near the cell surface through successive sections spanning 280 nm, and then the first indication of silica was visible in the form of ribs making up the base layer (Fig. 7b) . This indicated that the SDV was pre-formed at its final diameter by the time of initial silica deposition.
Wherever silica was visible, the dark opening was absent, indicating that the SDV membrane and silica were closely appressed. Closer examination of the interior of the SDV prior to silicification revealed a series of regularly-spaced dark "holes" approximately 22 nm in diameter (Fig. 7c- suggesting that silica is filling in the holes. In Fig.7g , the SDV is imaged in a cell at an oblique cross-section as a circular object, and is more electron-dense that other membranous intracellular material. Serial sections of this cell also revealed that the SDV was fully expanded prior to silicification (as in Figs. 7a and b) , and a large number of smaller vesicles were observed fusing to the SDV, consistent with previous observations (Li C-W and Volcani B.E., 1985; Schmid A-M. and Schulz D., 1979) . Close examination revealed that electron-dense material was present on the internal face of the vesicle membrane. In some sections of the SDV, the outlines of defined structures (e.g. rimoportulae) were visible. There also was an association of the SDV with the girdle band region on one side of the cell, as was seen in Figs. 3, 5, and 6. In Fig. 7h , a crosssection of mature valve silica indicated an average thickness of 60 nm. Also visible were interconnections through the center of the nanopores at the junction of the base layer and distal layer. Measurements of these connections ranged from 6-19 nm (ave. 15) in thickness; however, considering the possibility of imaging a portion of the pore wall (depending on the angle of sectioning), the width of these structures probably tends towards the lower value. It is not clear whether the occluding material is composed of organic or mineral; the electron brightness suggests that it is silica, but imaging of similar pores in girdle bands (see below) suggest the possibility of organic material or an organic/silica composite.
Visualization of the SDV and associated filaments during girdle band formation
Forming girdle bands were also imaged, revealing that the girdle band SDV had a dark appearance similar to the valve SDV, and encircled the entire periphery of the cell (Figs. 8a and b) . Similar to the valve SDV, areas with no silica deposition were present (Fig. 8a) , consistent with initial formation of the SDV, followed by silicification. Girdle bands in cross-section were tapered at the ends where they overlapped each other (Fig.   8c ) and a girdle band plane view showing the forming girdle band and SDV (Fig. 8d) , revealed that the tapered shape was formed without the girdle band being closely appressed to the adjacent girdle band. At the leading edge of a forming girdle band, a tangled microfilamentous structure (c.a. 7 nm filaments) was visible (Fig. 8e) , and in a subsequent section, initial silica deposition was observed ( Fig. 8f ) in this region.
Girdle bands have a laminate structure
Imaging of one cell in girdle band plane view near the cell wall periphery revealed an apparent organic matrix with the width of a girdle band in the expected location of girdle band synthesis (Fig. 9a, bracket) . This was flanked on one side by filamentous structures (Fig. 9a arrows) corresponding to the same relative location as the microfilaments in Figs. 8e and f. A different section at a higher level of the same cell showed the organic matrix in side view (Fig. 9b, bracket) , and in particular sections, both sides could be seen. Close examination of the mature silica in girdle bands indicated an electron-transparent strip in the center flanked by more electron-dense silica (Fig. 9c) , suggestive of an organic center. This was supported by a disruption of girdle band structure in some cells (Fig. 9d ), consistent with a laminated structure of organic material flanked on both sides by silica. Pores in girdle bands were occluded by a thin strip of material ( Fig. 9e ) similar to that seen in valves; the occlusion corresponded in position with the presumed organic center of the laminate, suggesting that organic material occludes the pores, although we cannot eliminate the possibility of the presence of silica.
Structure of the rimoportula
A model for the complex structure of the rimoportula was previously presented based on observation of external features and intermediates seen during the process of formation , but ion-abrasion SEM offered the possibility of a serial visualization of the complete internal and external structure. This was achieved as documented in Fig. 10 . Details of the internal structure were readily visible, such as internal pores associated with the larger external chamber. A complete 3D reconstruction of the rimoportula was generated revealing that the inner and outer central pores openings were not precisely aligned ( Fig. 10 and Supplemental Material).
Discussion
An important consideration in evaluating the ion-abrasion SEM approach is whether artifacts are generated by the ion-beam milling process. Our observations suggest that artifacts are not generated at the limit of resolution for either the organic or mineral material because features observed in the slice and view series are closely comparable to those seen in previous TEM images of microtomed sections (PickettHeaps J. et al., 1990) . Regarding silica, as an example, the numerous 20 nm circular pores in the valve of T. pseudonana are imaged faithfully in valve plane images in this study (Fig. 7h) , and views in the girdle band plane provide the first images of cross-sections of the pores in these structures (Fig. 9e) . When the angle of sectioning is in the same plane as the center of the pore (Figs. 7h and 9d), the observed width of the pore (corresponding to the diameter when viewed from top) is exactly as measured previously . In addition, the depth of imaging is precisely defined because the center of the pore can be imaged without the "back" wall being visible (Figs. 7h and 9d), indicating a depth resolution in the range of ~10 nm.
When assembling a series of sections, resolution can suffer in the plane of sectioning, due to the depth of material removed, which in this study varied from 10-20 nm. As the depth of sectioning decreases to become close to the depth resolution, as in sectioning of the rimoportula in Fig. 10 , highly faithful reproduction in three dimensions is achieved.
We were also able to generate elemental maps using the ion-abrasion technique and energy dispersive x-ray spectroscopy (EDS). The spatial resolution of an elemental map depends on many factors including the beam energy used to generate x-rays, sample orientation, and the elemental composition and homogeneity of the sample. In general, the spatial resolution of an elemental map depends on the size of the x-ray generation volume which is much larger than the size of the incident electron beam (Goldstein et al., 2003) . In the ion-abrasion SEM setup used in this study, the spatial resolution is further compromised by several factors related to the instrument geometry. However, the use of EDS in combination with higher resolution SEM imaging can be useful for studying the subcellular localization of specific elements, provided that the concentration of the elements are above trace level. Subcellular elemental analysis can be extended to 3D elemental mapping of an entire cell by introducing the EDS spectrum imaging step to the existing sequential ion-abrasion SEM technique. However, the throughput of the 3D elemental mapping technique is limited by the x-ray generation and detection efficiency.
Because biological specimens are beam sensitive, relatively low beam energy (< 5 keV) must be used to generate x-rays. Generating enough x-rays to achieve usable count statistics at these low beam energies requires long mapping time (20 to 30 minutes), although this time is likely to be shortened in the future with the newer generation of EDS detectors such as silicon drift detectors. , 1979; Schmid A.M. et al., 1981) , which provided useful "snapshots" of objects in one or a few sections, but did not enable a full 3D reconstruction due to difficulty in alignment. The latter point is extremely critical in visualizing structure formation in a whole cell context -examination of a limited number of sections from one viewpoint can prevent correct interpretation, whereas a large number of sections that can be examined at a variety of angles enable more careful evaluation.
A prime example of the advantage of 3D imaging using the ion-abrasion SEM approach is seen in Fig. 5 . The objects observed correspond in dimension with those in the completed valve structure. This indicates an early stage in valve formation; however the structures are extremely flexible and out of plane with the final structure. This is consistent with early stages of valve formation being dominated by organics that either template or confine (see below) the polymerizing silica. This is reminiscent of in vitro silicification experiments showing the initial formation of a "plastic" stage of organized organics prior to silica polymerization (Kröger N. et al., 2002) . Also seen in Figs. 3, 5, and 7 is the association of the forming valve with the girdle band region on one side of the cell. Previous TEM-based studies on valve formation in a variety of diatom species indicated that valve formation initiated at a "primary silicification site" (PSS) that was located close to the center of the final valve structure, and that the forming valve was centrally located adjacent to the cleavage furrow in the daughter cell (for review see (Pickett-Heaps J. et al., 1990 ). Our observations do not contradict the idea of a PSS; the initial deposition of silica is seen to be enriched near the center of the forming valves (Figs. 5 and 7) . The distinction comes in the location of the initially forming valve, which in T. pseudonana was commonly seen to be adjacent to, and associated with, the girdle bands (Fig. 5-7) . Images for sections 63 and 68 in Fig. 6 also indicate that a portion of the forming valve is oriented along the long axis of the cell, and not in the final valve plane. Previous work on Cyclotella cryptica indicated that when cytokinesis was inhibited, valves were also formed along the side of the cell (Badour, 1968) .
One possible explanation for the lack of positioning of initially forming valves near the center of the cleavage furrow in T. pseudonana is the small size of this species compared with most of the larger diatoms previously examined. Ongoing work in our lab, and observations in this study, indicate that the majority of cell volume is occupied by the plastid, and that the cytoplasm represents a minority fraction, with a rough estimate of 15-25% of the total volume. In whole-cell cross-sections we observed newly forming valves in thin cytoplasmic strands only slightly wider than the forming valves they contained (data not shown) highlighting the lack of space available for valve formation. In other species, the nucleus and microtubule center (MC) are located near the center of the forming valve (Pickett-Heaps J. et al., 1990) , and although we have not determined this directly, the sparseness of intracellular space in T. pseudonana could inhibit or affect similar positioning of these entities. To compensate, perhaps T. pseudonana initiates valve formation in an area where other silica structures form, near the girdle bands.
How would a valve that was initiated out of position eventually occupy the correct position? Perhaps the process of silica polymerization forces the SDV to expand like the inflation of fingers in a rubber glove. As long as the valve is anchored in one place, and has a defined outline dictated by the bounds of the silicalemma, then expansion to its full circumference could eventually result in correct placement.
Our observations may be consistent with mesoscale silica deposition of the ribs in the valves occurring within a defined space, rather than around a central template. This is supported by the observation of the internal structure of the SDV in the form of dark "holes" in which silica is apparently deposited (Fig.7) . This data, coupled with previous TEM observations of the initial form of silica, suggest a "confinement" model for silicification of the valve ribs in T. pseudonana (Fig. 11 ). Previous models of mesoscale structure formation have included a templating protein, around which silica is deposited (Robinson and Sullivan, 1987) . In this case, the form of silica should take the shape of the template, and be concentrated around it. An alternative model for mesoscale structure formation involves nucleation at defined points coupled with limitation of growth by the confines of the SDV (Gordon R. and Drum R.W., 1994) . TEM imaging reveals that initially deposited silica is homogenous, branched, and not concentrated in one area (Fig.   11a ), which is inconsistent with a central templating model (Fig. 11b) . Branched structures are ideal for filling in a space, which if coupled to confinement of local areas of the SDV, could result in an initial diffuse but widespread deposition, followed by additional enrichment within the confined areas. This is what is observed by TEM (Fig.   11a ). In the confinement model of silicification (Fig. 11c) we propose that organic material defining the 20 nm pores in the valve act as rivets that closely interact with the silicalemma, and prevent silica deposition within their regions (Fig. 11c, upper) . Even at the earliest stage of silica deposition, precursors to the pores are visible by TEM (Fig.   11a ), indicating that the components responsible for their formation are an integral part of SDV structure. In between adjacent pores, we propose that the silicalemma can expand, which could allow the eventual greater amount of silica deposition that form the valve ribs ( Fig. 11a and c, lower) . We do not propose this as a general model for mesoscale silica structure formation in all diatoms; there are numerous examples of structures that appear to involve a centralized template, and in fact it appears that the T. pseudonana girdle bands have this feature (Fig. 9) . However, the structures observed in valve formation of T. pseudonana are more consistent with a confinement model than a central templating model for mesoscale structure formation. 7a and 8a and b). This implies that at least portions of the structure forming apparatus are assembled first, and silica polymerization is prevented until this has happened. It is not clear what a possible "trigger" would be to enable silica polymerization. In the absence of silica, the luminal space of the SDV is expanded (Figs. 7a and 8a and b) ; however in areas where silica is deposited, the silicalemma becomes tightly appressed to the silica ( Fig. 7a and b) . This suggests the possibility that SDV membrane components become integral parts of the silica structure.
Recent NMR analysis (Groger et al., 2008) of T. pseudonana indicated the presence of four-coordinated condensed silicon, possibly a silica sol, in addition to the two-coordinated silica in the cell wall. The intracellular location of four-coordinated silicon could not be determined, but a logical location (considering the amount required for NMR detection) would be in the SDV, where silica polymerization determinants could be involved in coordination (Groger et al., 2008) . We observed, in the same plane as the deposited silica, that the SDV contained "open spaces" with a lack of electron density ( Figs. 7 and 8 ). However when viewed perpendicular to the plane of silica deposition, material with higher electron density than other cellular membrane structures, but not as high as fully condensed silica, was visible (Fig. 7g) . Since previous work has indicated a close association of silica with one intralumenal side of the SDV during formation of early stage structures Schmid A-M. and Schulz D., 1979 ; Schmid A-M.M. and Volcani B.E., 1983), these observations suggest an enrichment of possible silica sol material also associated with one intralumenal side of the SDV. The putative sol material is proposed to be a precursor to the fully polymerized silica (Groger et al., 2008) , so this hypothesis is consistent with the eventual appearance of silica in that location. Flanking the SDV is a microfilament with dimensions similar to actin (Fig. 7a) , consistent with fluorescence microscopy work locating actin at the periphery of the SDV, playing a role in defining its overall size and shape (van de Meene A.M.L. and Pickett-Heaps J.D., 2002).
In the past, girdle bands have been difficult to image because of their thinness, and little information has been available on the mechanism of their formation. Our results greatly clarify this process in T. pseudonana. Figures 8a and b show the girdle band SDV, which indicates that it is fully formed prior to complete silica deposition. In contrast to the valve, the silicalemma membranes are not both closely appressed to the silica (Fig. 8d) , which is consistent with the organics involved in their formation being centrally located as in a laminate structure. Precursor material for a girdle band is seen in
Figs. 9a and b, and the laminate structure observed in Figs. 9c and e indicate that the organic material forms a core, and silica is deposited on both sides of it. Girdle bands are tapered as they are formed (Fig. 8d) , and apparently do not require close appression to an adjacent girdle band to generate the taper, which suggests intrinsic shaping by the organics responsible for their formation. At the leading edge of the girdle band SDV is a tangled microfilamentous material (Fig. 8e and f) , with the dimensions of actin. This suggests a possible involvement of cytoskeletal elements in girdle band formation, which has not been previously documented.
It is not clear whether the thin layer observed occluding pores in both valves (Fig.   7h ) and girdle bands (Fig.9d) is organic material, silica, or a composite of both. The prevention of filling in of the valve pores (Fig. 11a) and apparent alignment between the organic in the laminate structure of girdle bands and the pore occlusions ( Fig. 9c and e) suggest that the material is organic. However, thin coverings of silica over diatom pores have been observed in other species (Round F.E. et al., 1990) . Unfortunately, the EDS analysis lacks sufficient resolution to resolve this issue.
The ability to generate a high resolution 3D image of the complicated rimoportula structure clarifies the relative arrangement of the central pores on the proximal and distal faces of the valve (Fig. 10 and supplemental material) . One clear feature is that the proximal and distal central pores are offset from each other, which is in contrast to previous observations inferred by TEM and SEM (Herth W., 1979a; Hildebrand et al. 2006 ). This argues against newly synthesized chitin fibrils being rigid prior to extrusion through the outer pore. Diatom chitin fibrils are in the beta form, are exceptionally crystalline, and consist of individual microfibrils assembled to form a ribbon structure (Herth and Zugenmaier, 1977) . TEM cross sections indicate that chitin fibrils are assembled prior to entering the inner tube of the portula (Herth W., 1979a) . Application of ion-abrasion SEM to a cell which is actively extruding chitin through the portulae followed by 3D reconstruction should provide valuable information on the details of this process.
Two previous studies on diatoms related to 3D reconstruction and sectioning have been reported (Habchi et al., 2006; Massé et al., 2001 ). The first used scanning transmission ion microscopy tomography (STIM-T) to generate a 3D rendering of the silica cell wall of Ondontella sinensis (Habchi et al., 2006) . In this study, intracellular components were removed, so it is not clear whether they could have been imaged by this approach. STIM-T did not generate high resolution images. The second approach relied on microtome sectioning followed by heat treatment to remove organics, then SEM (Massé et al., 2001 ). High resolution cross-sections of cell wall silica structures were obtained in this study, but their relationship to intracellular organics could also not be determined.
The application of ion-abrasion SEM to T. pseudonana cells in the process of silica structure formation enabled 1) simultaneous imaging of both inorganic and organic materials without the need of stains or coatings, 2) serial sectioning with minimal artifacts, 3) 3D reconstruction of intact cells, which enabled observation of extremely fragile structural intermediates and the spatial arrangement of forming structures, and 4) elemental analysis. It has provided an unprecedented view of a variety of cell wall formation processes, including 1) observation of the flexibility of initial-stage silica structures, which indicates a high organic content, 2) an association of forming valves with the girdle band region, 3) visualization of filaments that are likely cytoskeletal elements associated with valves and girdle bands, 4) the possibility of confinement rather than deposition around a template, and 5) laminate structures for the girdle bands. Not explored in this study, but certainly feasible, is the possibility of locating specific proteins by epitope tagging and immunolocalization as demonstrated recently by Heymann et al (2008) . This would extend the IASEM approach to the molecular level, and allow finely detailed mapping of the 3D arrangement of organics involved in silicification in a whole cell context. (Fig. 7h) . The occlusion corresponds in position to the organic center of the girdle bands. 
